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I .  Introduction 


A  molecular  beam  represents  the  ideal  interface  between  a  chemical 
reaction  and  product  detection  and  identification.1  With  a  background 
pressure  of  the  order  of  10“6  Torr  the  chemical  identity  of  the  product 
species  and  their  relative  concentrations  are  preserved  down  the  beam 
path.  By  modulating  the  beam  the  defection  system  can  discriminate 
against  background  molecules  produced  by  secondary  reactions  elsewhere 
in  the  vacuum  system.2’3  Analysis  of  the  leading  edge  of  a  modulated 
molecular  beam  signal  has  been  used  to  determine  the  translational 
temperature  of  the  beam.4 

Herein  we  report  on  the  pyrolysis  of  BDD  <  1,4-butane  diammomum 
dinitrate)  using  a  molecular  beam  sampling  system  designed  for  both 
phase  lock-in  measurement  and  full  TOF  < time-of-f light )  velocity 
analysis  of  the  mass  spectrometer  detected  molecular  products  beam.  In 
the  single  reaction  cell  configuration  the  beam  effuses  from  a  Knudsen 
flow  reaction  cell  which  contains  thermally  decomposing  and  subliming 
BDD.  The  TOF  analysis  allows  determination  of  the  molecular  mass  the 
detected  ion  mass  traveled  on  down  the  beam  path.  In  the  two  cell 
configuration  the  product  gases  from  the  thermal  decomposition  and 
sublimation  in  the  source  cell  pass  into  a  second  Knudsen  cell  where 
secondary  decompositions  at  higher  temperatures  are  observed.  With 
this  arrangement  only  lock-in  measurement  of  the  ion  signal  is 
employed. 

In  the  following  section  the  apparatus  design  is  described  in 
detail  and  in  section  III  the  experimental  procedure  is  presented  The 
observed  decompositions  are  reported  in  the  section  IV  for  both  the 
single  and  double  cell  configurations.  Results  of  running  BDD  in 
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standard  FAB  (fast  atom  bombardment)  and  El  (electron  bombardment 
Ionization)  mass  spectrometers  are  also  given  in  section  IV.  All 
results  are  discussed  in  section  V  and  conclusions  presented  in  section 
VI.  Preliminary  runs  with  the  apparatus  to  look  at  the  well  understood 
thermal  decomposition  of  malonic  acid5-8  were  used  to  check  the 
concept  of  the  experiment. These  tests  will  be  described  elsewhere.9 
A  derivation  of  the  TOF  distribution  function,  Eq.(l),in  section  III 
is  presented  in  the  Appendix. 

II .  Apparatus 

A  schematic  drawing  of  the  single  source  cell  molecular  beam 
apparatus  is  presented  in  Fig. 1(a)  and  the  double  cell  arrangement  is 
shown  in  Fig. 1(b).  For  both  cases  the  typical  background  pressure  in 
the  main  chamber  is  2xl0“6  Torr  and  in  the  quadrupole  chamber  it  is 
2xl0~7  Torr.  In  the  single  reaction  cell  configuration  shown  in 
Fig.Ka)  thermal  decomposition  and  sublimation  takes  place  in  the 
reaction  cell  (R>  and  gaseous  products  effuse  through  slit  S^.  The 
volume  of  the  reaction  cell,  which  is  contained  in  an  aluminum  oven,  is 
approximately  1.0  cm3.  This  volume  allows  sufficient  wall  collisions 
for  thermal  translational  equilibrium  of  product  molecules.10  The 
reaction  cell  pressure  is  typically  less  than  1.0  milliTorr  as  measured 
by  an  electronic  capacitance  manometer.  This  low  pressure  keeps  the 
mean  free  path  of  product  molecules  greater  than  the  cell  dimensions, 
thereby  minimizing  the  effect  of  secondary  bimolecular  reactions.  The 
ovens  containing  the  source  and  reaction  cells  are  hooted  by  resistance 
heaters  on  either  side  of  the  cells  and  the  oven  assemblies  are 
supported  on  and  thermally  insulated  by  4,  4-40  stainless  steel  machine 
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screws  approximately  3  cm.  long.  In  operating  with  a  single  cell  as 
shown  in  Fig. 1(a)  the  reaction  cell  is  charged  with  100-  200  milligrams 
of  sample.  When  the  two  oven  configuration  is  used  the  charge  is  placed 
in  the  source  cell  (see  Fig. 1(b))  which  is  always  operated  at  a  lower 
temperature  than  the  reaction  cell.  This  allows  investigation  of  the 
decomposition  at  higher  temperatures,  whereas  in  the  single  cell 
configuration  the  sample  would  be  rapidly  expended  r.nd  the  cell 
pressure  would  be  too  high  to  neglect  bimolecular  collisions  and 
maintain  Knudsen  flow.  The  oven  temperatures  are  measured  by  iron- 
constantan  thermocouples  embedded  in  the  oven  walls.  The  sample 
temperature  is  measured  in  the  single  cell  case  by  a  thermocouple 
embedded  directly  in  the  sample. 

The  beam  path  length,  L  is  31.7  cm,  and  the  chopper  operates  at  60 
rps  with  4  equally  spaced  slits  which  allows  full  reception  of  each  TOF 
distribution  without  overlap  of  signal  from  the  following  slit.  The 
three  chopper  wheels  shown  in  Fig.  2  were  fabricated  from  0.84  mm  sheet 
aluminum  with  different  slit  widths  so  that  the  best  compromise  between 
mass  resolution  (higher  for  narrow  slit  widths)  and  count  rate 
(higher  for  larger  slit  widths)  could  be  achieved  in  a  given 
measurement . 

Ions  are  produced  from  beam  molecules  by  electron  bombardment 
ionization  in  the  ion  source  of  the  quadrupole  mass  spectrometer 
(Micromass  200).  This  instrument  has  been  modified  to  admit  the  beam 
from  the  side  rather  than  the  end  of  the  source  to  avoid  having  beam 
gases  accumulate  down  the  ion  path.  The  ion  source  electronics  have 
also  been  modified  to  provide  for  variation  of  the  electron 
accelerating  potential.  Determinations  of  the  appearance  potentials  of 


the  background  gases  Indicate  the  system  has  an  energy  resolution  of  ± 
1.0  electron-volts.  Ions  produced  in  the  source  pass  through  the 
spectrometer  and  into  a  channeltron  electron  multiplier.  The 
channeltron  output  signal  is  detected  either  by  <1>  measuring  the 
voltage  produced  in  the  preamplifier  which  is  in  phase  with  the  chopper 
wheel  using  the  lock-in  amplifier  (Princeton  Applied  Physics  Corp. 

Model  HR-8)  or  (2)  by  counting  pulses  from  the  channeltron  electron 
multiplier  using  a  computer  based  multichannel  analyzer  system.11 

A  diagram  of  the  electronic  system  used  for  TOF  analysis  is  shown 
in  Fig. 3.  The  slit  in  the  chopper  wheel  is  illuminated  with  a  light 
emitting  diode  and  the  resulting  light  pulse  is  detected  with  a  photo¬ 
transistor.  The  voltage  pulse  from  the  photo-transistor  is  amplified 
and  used  both  to  start  the  time  base  and  to  generate  a  pulse  that  can 
be  added  to  the  accumulated  data  to  mark  the  start  of  the  chopper  open 
time.  The  output  ramp  of  the  time  base  generator  is  applied  to  the 
input  of  a  linear  gate  module.  The  channeltron  output  pulse  is 
amplified  and  applied  to  a  single  channel  analyzer  used  in  the 
discriminator  mode,  whose  output  triggers  a  gate  generator  that  opens 
the  linear  gate.  The  output  pulse  from  the  linear  gate  has  an  amplitude 
proportional  to  the  time  between  the  chopper  opening  and  the  reception 
of  a  mass  analyzed  molecular  ion  by  the  channeltron.  These  pulses  are 
accumulated  in  a  computer  based  pulse  height  analyzer  (Tracor  Northern 
TN-11 ) . 


III.  Experimental  Procedure 

The  BDD  used  in  the  present  work  was  made  in  our  laboratory 


from  BDA  <  1, 4-butanediamine>  obtained  from  the  High  Explosive  Research 
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Figure  3-  TOF  Electronics 


and  Development  group  at  Eglin  Air  Force  Base,  FL.  A  solution  of  BDA 
in  absolute  ethanol  was  placed  in  a  3-neck  round  bottom  flask  equipped 
with  a  thermometer,  nitrogen  inlet  and  dropping  funnel  with  pressure 
equalizing  sidearm.  The  solution  was  stirred,  and  cooled  to  0  C  in  an 
ice  salt  bath,  and  the  apparatus  was  purged  with  nitrogen.  Concentrated 
nitric  acid  (ca  2.5  equiv)  was  added  dropwlse  at  such  a  rate  that  the 
temperature  in  the  flask  did  not  rise  above  20  C.  The  product,  a  white 
precipitate,  was  filtered  and  washed  with  ice  cold  ethanol.  The 
product  was  recrystalized  from  warm  ethanol  and  stored  either  in  a 
desiccator  or  in  a  freezer  (ca  -20  C>.  Characterization  was  effected  by 
IR  spectroscopy. 12  The  significant  peaks  are  given  in  Table  I. 

All  data  were  obtained  with  an  electron  accelerating  potential  of 
tO  volts  except  as  noted  when  determining  appearance  potentials.  The 
Initial  data  were  taken  using  chopper  wheel  A  (see  Fig. 2)  and  the 
signal  was  detected  with  the  lock-in  amplifier  or  the  TOF  system  in  the 
computer  controlled  gated  scaler  mode.  In  this  mode,  counting  gates 
were  set  as  shown  in  Fig. 4  in  order  to  distinguish  the  beam  signal  from  the 
background.  Scans  of  this  signal  as  a  function  of  ion  mass,  M,  and 
sample  temperature  were  run.  For  the  most  intense  ion  mass  signals, 
intensity  versus  temperature  data  were  obtained  to  measure  activation 
energy.  For  the  two  masses  with  the  highest  signal  strength  (M=30,46) 
the  electron  bombardment  potential  was  varied  to  obtain  appearance 
potentials.  Next,  for  the  three  strongest  ion  mass  signals,  chopper  wheels 
B  and  C  (see  Fig. 2)  were  used  to  measure  TOF  distributions. 

The  experimental  TOF  distributions  for  a  given  ion  mass,  Ij{(t>  are 
fitted  to  the  functional  form  (see  the  Appendix) 
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Table  I  -  BDD  IR12 


peak 

wave  number  (cm"1)  Identification 


!385  N  -  0  Symmetric  Stretch 

i590  weak  N-H  asymmetric  bend 

2900  C-H  stretch 

+ 

NH3  stretch 


3400  -  2300 


COUNTS 


where 


and  a^=V2kL7m^ ,  U  is  the  gas  temperature,  T  is  the  chopper  open  time, 

1^  is  the  intensity  constant  of  the  product  mass  m^  and  I5  is  the 
background  signal  intensity.  This  function  describes  the  measured 
intensity  distribution  for  N  product  masses  in  the  beam,  each  of  which 
could  produce  the  ion  mass  M.  The  derivation  of  Eq.<l>,  which  is  given 
in  the  Appendix, is  based  on  the  following  assumptions: 

1.  The  velocity  distribution  in  the  reaction  cell  is  Maxwellian. 

2.  The  beam  is  not  scattered  by  background  gas  in  the  vacuum 
chamber  which  would  preferentially  attenuate  low  velocity  molecules. 

3.  The  electron  bombardment  ionization  efficiency  in  the  mass 
spectrometer  is  inversely  proportional  to  the  beam  molecule  velocity. 

4.  The  chopper  transmission  function  is  rectangular,  that  is  the 
transmitted  intensity  is  a  constant  during  the  open  time  and  zero  for 
other  times. 

The  TOF  data  were  analyzed  by  the  method  of  linear  least  squares13 
to  determine  the  1^  and  1^  with  the  summation  in  Eq.(l>  extending  over¬ 
all  N  masses  thought  to  be  chemically  probable.  While  this  procedure 
does  not  give  unique  solutions,  it  can  be  used  as  a  guide  in  the 


Identification  of  products. 


IV.  Results 

All  data  were  obtained  with  the  single  oven  configui  ation 
(Fig.l(a))unless  specifically  noted  otherwise.  The  BDD  mass  spectra 
observed  with  our  lock-in  amplifier  measurement  system  using  the  single 
oven  configuration  (Fig. 1(a))  are  presented  in  Fig.S.  Signal 
intensities  in  Fig.  S  are  normalized  to  the  intensity  of  mass  18  in  the 
mass  range  0-20  amu,  mass  30  in  the  range  20-3S  amu  and  mass  46  in  the 
range  3S-S0  amu.  The  product  ion  mass  spectra  are  relatively  constant 
over  the  temperature  range  from  160  to  180  C. 

The  TOF  system  was  then  used  in  the  gated  scaler  mode  to  measure 
the  ion  intensity  as  a  function  of  temperature  for  M  =  30,  41,  43  and 
46  amu.  These  data  are  presented  in  Fig. 6  on  semi-log  plots  which 
facilitate  determination  of  the  activation  energy,  Eh  for  each  ion's 
production.  The  data  are  least  squares  fitted  to  a  straight  line  and 
the  results  are  summarized  in  Table  II.  The  activation  energies  for  the 
production  of  ion  masses  30  and  41  amu  are  equal,  and  the  activation 
energies  for  ion  masses  43  and  46  amu  are  equal  within  the  experimental 
error. 

Ion  signal  intensity  as  a  function  of  electron  accelerating 
potential  i3  shown  in  Figs. 7(a)  and  7 ( b >  tor  ion  masses  of  30  and  46. 
Appearance  potentials  estimated  from  the  extrapolated  intercepts  are 
13.0±0.S  and  13.S±1.5  electron  volts  respectively. 

For  ion  masses  of  30,43  and  46  amu  full  TOF  distributions  using 
chopper  C  (Fig4)  are  reported  in  Figs. 8, 9  and  10.  The  vertical  error 
bars  represent  the  statistical  uncertainty  and  the  horizontal  error 


MASS 


Figure  S.  BDD  Hass  Spectrum  Obtained  In  the  Gated  Scalar  Mode  Using 
Chopper  A;  Reaction  Cell  Temperature,  180°C 
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Figure  6.  Activation  Energy  Plots  in  the  Gated  Scalar  Mode  (Continued) 
<b).  Ion  Hass  ■  41 


16 


LOGl  COUNTS) 


.0022  .0026 

1/T  (K  ) 


Figure  6.  Activation  Energy  Plots  in  the  Gated  Scalar  Mode  (Continued) 
(c).  Ion  Mass  3  43 
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Table  II.  Activation  Energy,  Ejj 

ion  mass,M  Ejj  Figure 

(amu)  (kcal/mole) 

30  34.4  ±  0.8  6< a) 

41  33.3  t  4.7  6(b) 

43  23.0  ±  1.2  6(c) 

46  26.5  ±  1.7  6(d) 
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Figure  9.  TOF  Distribution. Ion  mass  =  43,  chopper  C,  9.75 
ys /channel,  reaction  cell  temperature  =  143°C 


CHANNEL  NUMBER 

Figure  10.TOF  Distribution. Ion  Mass  =  46,  chopper  C,  9.7S  ps/channel 
reaction  cell  teaperature  -  146°C 


bars  represent  the  chopper  open  time.  The  error  bars  shown  are 
typical;  error  bars  are  omitted  from  most  points  for  clarity.  The  dat:;; 
for  ion  masses  of  30  and  46  have  the  highest  signal  to  background 
ratios  (see  Figs. 8  and  10).  These  two  cases  have  been  repeated  with 
chopper  B  and  plotted  in  Figs. 11  and  12  with  the  counts  in  every  8  time 
channels  added.  This  improves  thq  counting  statistics  and  since  the 
chopper  open  time  for  these  runs  is  equivalent  to  approximately  11 
channels,  the  time  resolution  is  not  degraded.  The  linear  least  squares 
best  fits  of  Eq.(l)  to  the  data  are  also  shown  in  Figs. 11  and  12.  The 
resulting  values  of  1^  for  each  ion  mass  are  summarized  in  Table  III. 
Two  possible  fits  are  reported  for  ion  mass  46.  In  the  first,  10 
product  masses  were  initially  selected  (m^=  46,  S5,  65,  75,  85,  95, 

105,  US,  125  and  135  amu)  and  fits  were  computed  by  linear  least  squan 
When  negative  (nonphysical)  Ij/s  were  obtained,  those  masses  were 
dropped  from  consideration  and  the  fit  recomputed.  This  procedure  led 
to  two  masses,  46  and  115  which  gave  the  best  fit  shown  in  Fig. 12(a). 
The  second  fit  was  obtained  by  varying  a  single  mass  to  get  a  best  fit. 
The  result,  m  =  63,  is  shown  in  Fig. 12(b). 

A  limited  amount  of  data  were  taken  using  the  double  oven 
configuration  (Fig.Kb)).  It  was  all  taken  using  the  lock-in  amplifier 
measurement  system.  The  reaction  cell  temperature  was  varied  from  265 
to  315  C  and  the  source  oven  was  varied+f rom  94  to  137  C.  Little 
variation  in  the  relative  spectra  was  noted  over  these  temperature 
ranges;  the  mass  spectrum  presented  in  Fig. 13  was  typical. 

As  a  check  on  our  mass  spectrometr ic  method  and  to  obtain  data 
over  a  mass  range  beyond  the  capability  of  our  instrument,  FAB  and  El 
spectra  from  Washington  State  University  are  also  reported. The  FAB 
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Figure  12.  TOF  Distribution:  Ion  mass  =  46,  chopper  B,  9.75 


ps/channel,  reaction  cell  temperature  =  147  C. Curve  fitted 


is  Eq.(l)  fitted  with  parameters  given  in  Table  III 


(a).  Two  products 
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Figure  12.  TOF  Distribution:  Ion  mass  =  46,  chopper  B,  9.75 


ps/channel,  reaction  cell  temperature  =  147  C. Curve  fitted 


is  Eq.(l)  fitted  with  parameters  given  in  Table  III  (Concluded) 


(b).  Single  product 
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Table  III.  Eq . < 1 > ;  best  fit  parameters 


(  ainu ) 


( amu) 


li  x  105 


Figure 


3.31  ±  0.09 


2.98  ±  0.14  12(a) 


11.58  ±  0.81  12(a) 


7.63  ±  0.24 


L2<b) 
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Figure  13.BDD  Hass  Spectrum.  Double  oven  configuration  (Fig. 1(b), 
lock-in  amplifier  meaeurement,  react  ion  ceil  temperature 


0  o 

26S  C,  source  cell  temperature  =  109  C 


spectrum  is  presented  in  Fig.  14  and  the  El  spectrum  in  Fig. IS.  A 
chromatogram  run  on  the  El  machine  is  presented  in  Fig.  16  for  ion 
masses  of  30,46  and  S7  amu  as  well  as  the  total  ion  signal.  During  these 
runs  the  BDD  sample  was  heated  and  each  scan  took  approximately  2  sec. 

In  addition  to  the  the  mass  spectrometric  studies,  an  in  vitro 
heating  experiment  was  affected.  The  BDD  (lOOmg)  was  heated  under 
vacuum  (0.1  Torr  with  continual  pumping)  in  an  oil  Lath  (160-170  C)  for 
five  hours.  The  solid  melted  to  form  a  colorless  liquid,  which  bubbled 
moderately  throughout.  The  solid  white  residue  was  analyzed  by  FAB 
mass  spectrometry141  and  Fourier  transform  IR12  and  found  to  be 
identical  to  the  initial  BDD. 

During  the  course  of  the  experimental  program  it  was  noted  that  a 
white  residue  accumulated  on  our  chopper  wheels.  This  residue  was  also 
analyzed  by  using  the  FAB  mass  spectrometer141  and  its  spectrum  was 
identical  to  the  BDD  FAB  mass  spectrum. 

V. Discussion 

The  data  show  that  on  heating  BDD,  the  four  most  abundant  ions 
exhibiting  time  dependent  behavior  in  our  modulated  beam  machine  have 
masses  of  30,46,43  and  41  amu.  The  TOF  analysis  reveals  that:  <i)  The 
30  amu  ion  is  primarily  a  fragment  of  a  46  amu  product  of  thermal 
decomposition  and  < i i »  the  46  amu  ion  is  either  a  fragment  from  a 
single  product  species  with  a  mass  of  approximately  63,  or  it  is 
generated  in  the  ion  source  by  two  decomposition  products,  one  with  a 
mass  of  46  amu  and  another  with  an  approximate  mass  of  115  amu.  The  43 
and  41  amu  ions  were  not  sufficiently  abundant  to  affect  the  TOF 
analysis.  These  results  can  be  Interpreted  as  representing  a  thermal 
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dissociation  of  BDD  into  HN03  and  BDA  <  1,4-butane  diamine ) .  The 
standard  El  mass  spectrum15  of  N02  shows  NO  as  the  major  fragment  ion, 
which  supports  this  postulation.  It  is  most  likely  that  the  N02  is 
formed  by  decomposition  of  HN03  in  the  reaction  cell.  The  46  amu  ion 
3ignal  may  then  represent  undissociated  HN03,  which  was  one  of  the 
possible  fits  of  Eq.<l)  to  the  TOF  data. 

The  43  amu  ion  is  a  significant  fragment  in  the  El  mass  spectrum 
of  BDA,15  which  provides  tentative  support  for  the  generation  of  BDA 
from  BDD.  In  the  El  mass  spectrum  of  BDA  there  is  no  abundant  ion  >  50 
amu.15  Our  spectra  yielded  a  similar  result.  The  El  spectra  obtained  at 
Washington  State  University1^  (Fig.  15)  is  virtually  devoid  of  high  mass 
ions.  Mass  chromatographic  analyses  of  the  spectra  confirmed  the 
presence  of  30  and  46  amu  ions  as  major  components  (Fig. 16).  The 
masses,  intensities  and  tentative  molecular  formulae  of  the  major 
fragment  ions  are  listed  in  Table  IV. 

The  mass  spectra  provide  evidence  for  the  dissociation  of  BDD 
into  BDA  and  nitric  acid,  although  it  is  still  unclear  whether  this 
process  occurs  via  the  mononitrate  salt  BDM.  Possible  routes  to  the 
major  observed  ions  are  shown  below: 

BDD  HN03  +  BDA 

4  ?. 

ru  3  1  MTJ 

(a)  Ion  fragments  arising  from  BDA,  NH2  z*''*  CH£”"  H^'"’  ‘2 

(1)  Fragment  ions  arising  from  cleavage  of  C-N  bonds 


Table  IV.  Mass  3pectrometric  Data  for  BDD 


M 

Ion  Intensity 

Probable  Molecular 

Origin  via 

( amu) 

Formula 

71 

15507000 

C^HgN 

BDA  or  BDM 

70 

'  n.d. 

C^HgN 

BDA 

59 

28539000 

c3h9n 

EDA 

57 

2074000 

c3h8n 

BDA 

56 

n.d. 

c4h8  ? 

EDA 

46 

18460000 

no2 

HN03 

30 

105433000 

NO;  CH4N 

BDA,  HN03 

36 


56  arau  (loss  of  N2HA) 


9  9 

H 


H 


71  amu 


70  amu 


(2)  Fragments  arising  from  cleavage  of  C-C  bond 


ch3ch2ch2nh2 


59  amu 


ch3ch2ch=nh 


57  amu 


(3)  Fragments  arising  from  cleavage  of  C-C  bond 


H  -H, 


CH3C=NH 


43  amu 


CH3C=N 


41  amu 


CH3CH2NH2 


45  amir1 


ch3c=nh2 


44  amu 


h2c=khz 


30  amu 


(b)  Fragments  arising  from  cleavage  of  HN03 

The  mass  spectrum  of  nitric  acid  is  not  readily  available,  e.g., 
it  is  not  recorded  in  the  N.B.S.  Environmental  Protection  Agency 
files,15  however,  it  is  well-known  that  nitric  acid  undergoes 
decomposition  to  N02  (46  amu),  hence  the  46  amu  ion  is  attributed  to 
nitric  acid. 
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The  high  activation  energy  for  the  production  of  N02,  as  evidenced 
by  the  TOF  of  ion  mass  30  (the  dominant  HOz  fragment  ion15)  compared  to 
the  activation  energy  for  the  production  of  HN03  as  evidenced  bv  the 
TOF  of  ion  mass  46  gives  further  support  to  the  above  interpretation. 
Also,  ion  fragment  43  (in  <a3)  above)  from  BDA  should  have  the  same 
activation  energy  as  ion  46  which  represents  nitric  acid,  the  other 
product  of  BDD dissociation. From  Table  III  it  can  be  seen  that  to  within 
experimental  uncertainty  we  do  observe  ion  fragments  43  and  46  to  have 
the  same  activation  energy. 

Our  appearance  potential  measurements  indicate  ions  30  and  46  are 
within  1.0  electron-volts,  with  mass  46  being  slightly  higher.  This  is 
in  agreement  with  the  ionization  processes 

e“  +  N02  - NO+ 

and 

o'  +  HN03  - >  N02 

Clearly  the  second  process  would  be  expected  to  have  the  higher 
appearance  potential. 

The  TOF,  El  and  FAB  mass  spectral  analyses  of  BDD  all  provide 
evidence  that  the  initial  decomposition  of  BDD  is  a  dissociation  Into 
two  volatile  components:  BDA  and  nitric  acid.  If  this  is  a  valid 
statement,  then  it  follows  that  the  residual  solid  from  a  heating 
experiment  in  which  the  volatile  components  are  removed  under  reduced 
pressure  should  be  unchanged  BDD.  Analysis  by  FAB1'1  and  IR12  of  the 
residue  from  the  heating  of  BDD  showed  that  the  residue  was  indeed 
BDD,  thereby  supporting  the  hypothesis. 


VI .  Conclusions 


All  of  the  data  obtained  in  the  present  study  indicate  that,  under- 
vacuum,  BDD  thermally  decomposes  at  temperatures  in  the  range  160-180  C 
to  produce  BDA  and  nitric.  acid.  The  nitric  acid  partially  decomposes  to 
produce  nitrogen  dioxide.  Since  all  products  are  volatile,  the  solid 
residue  after  heating  is  pure  BDD. 
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THE  APPENDIX 

THE  TOF  DISTRIBUTION 
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Appendix  :  The  TOF  distribution 

A  beam  effusing  from  a  chamber  containing  a  gas  with  a  Maxwellian 
velocity  distribution  at  temperature  U  has  a  velocity  dependent 
intensity  J ( v >  given  by 

J(v)dv  =  Cv3exp<-< v/u)2)dv  (Al) 

where  v  is  the  molecular  velocity,  C  is  the  intensity  constant  and  a  = 
•/21<l7m  with  k,  Boltzmann's  constant, V  gas  temperature  and  in  the 
molecular  mass. 

If  this  effusive  beam  is  detected  bv  electron  bombardment 
ionization,  the  ionization  probability  (and  thus  the  detection 
efficiency)  is  proportional  to  the  time  a  molecule  spends  in  the 
electron  beam,  and  therefore  i3  inversely  proportional  to  molecular 
velocity. The  detected  velocity  dependent  beam  intensity  with  velocity 
in  dv  at  v  is  then  given  by 

J,j<v)dv  =  C' v2exp<-(  v/a) 2  )dv  <A2) 

where  vq/v  is  the  detection  efficiency  and  C'=Cvq. 

The  velocity  distribution  function  is  converted  to  a  time  of 
arrival  <t)  distribution  function  by  using  v-L/t,  where  L  is  the  beam 
path  length.  If  the  flight,  begins  as  the  molecule  passes  through  the 
chopper  slit  at  time,  t',  then  the  number  of  molecules  passing  through 
the  chopper  in  dt '  at  t'  and  arriving  at  the  detector  in  dt  at  t  is 


given  bv 


’w^mvirwumnurffucAjmxivmmwuirvfnjruxi 


Gu.futdf  -  cuo^^  “p(  -  ^!~,5  ) 


(A3) 


For  the  chopper  transmission  function  C'(t')  we  take 


C '  ( t ' )  = 


f  C0  ,  T  >  V  >  0 
0  ,  t '  >  T 


where  T  is  the  chopper  open  time.  Integration  of  eg.  (A3>  over  the 
chopper  opening  gives  the  TOF  distribution  for  t  >  T  gives 
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where  Iq  =  CqL<x2/2  is  the  intensity  constant.  For  N  product  masses 


yielding  the  same  ion  mass,  M  Eg.  <A4) 

has  the  form 

lM(t)  -  Z=ilifi<t)  + 

h> 

where  1^  is  the  intensity 

constant  of 

the  product 

mass 

ng,  I5  is  the  background 

intensity  and 

-  f  1 

f  Lz 

L2  ) 

fi(t)  -  [  (t-x)  exP 

af  <  t-T>2 

J  -  h  exp[  • 

"  aft2  J 

(AS) 


J 


44 


References 


1.  A.  J.  Colussi  and  S.  W.  Benson,  Int.  J.  Chem. ,  Kinet.  10, 
1091  (1978) 

2.  W.  L.  Fite,  Int.  J.  Mass  Spectrum,  Ion  Phys.  16,  109  (1975). 

3.  R.  Behrens,  Jr.,  Rev.  Sci.  Instr.  58,  451  (1987). 

4.  S.  N.  Foner  and  R.  L.  Hundson,  J.  Vac.  Sci.  Technol.  A  1, 

1291  (1983). 

5.  C.  N.  Hinshelwood,  J.  Chem.  Soc.  117,  156  (1920). 

6.  L.  W.  Clark,  J.,Phys.  Chem.  67,  138  (1963). 

7.  A.  G.  Loudon,  A.  Maccoll  and  D.  Smith,  J.  Chem.  Soc. 
Faraday  Tans,  I  69,  894  (1973). 

8.  J.R.  Cao  and  R.  A.  Back,  Can.  J.  Chem.  64,  967  (1986). 

9.  K.  A.  Hardy,  Jishi  Fu,  J.  M.  E.  Quirke,  and  J.  W.  Sheldon, 
to  be  published. 

10.  D.  M.  Golden,  G.  N.  Spoles,  and  S.  W.  Benson,  Angew.  Chem. 
Int.  Ed.  12,  534  (1973). 

11.  K.  A.  Hardy  and  J.  W.  Sheldon,  Rev.  Sci.  Instrum.  52,  1802 
(1981). 

12.  Fourier  Transform  IR  Spectroscopy  was  provided  by  the 
courtesy  of  Dr.  Kerry  W.  Hipps,  Washington  State  University. 

13.  P.  R.  Bevington,  Data  Reduction  and  Error  Analysis  for  the 
Physical  Sciences,  McGraw-Hill  (New  York). 

14.  FAB  and  El  Mass  Spectra  were  provided  by  the  courtesy  of  Dr. 
Francis  Doolittle,  Washington  State  University. 

15.  EDA/NIH  Mass  Spectral  Data  Base,  Vol.  I.  National  Bureau  of 
Standards,  Washington  D.  C.  (Dec.  1978). 


45/46 


